Abstract. Breast cancers especially in the late and metastatic stages remain refractory to treatment despite advances in surgical techniques and chemotherapy. tumor-specific promoter-directed suicide gene therapy and adenoviral technology can be promising strategies for such advanced disease. previous studies suggested that combining herpes simplex virus thymidine kinase (HsV-tK) and ganciclovir (gcV) with Escherichia coli nitroreductase (coli.ntr) and 5-(azaridin-1-yl)-2, 4-dinitrobenzamide (cB1954) by a recombinant retrovirus delivery system resulted in a co-operative killing effect in vitro. We constructed a bicistronic adenovirus type 5 (Ad5)-based vector which co-expresses herpes HsV-tK and coli.ntr under the control of the human telomerase reverse transcriptase (htert) promoter and sV40 enhancer. ntr gene expression mediated by an internal ribosome entry site (Ires) was inserted after the htert and HsV-tK sequences. Anti-tumor activities of the novel vector, Ad-ht-tK/ntr-enh, combined with prodrugs were evaluated in human breast cancer cells (Zr-75-30, McF-7) in vitro and in vivo. We showed that expression of HsV-tK and ntr genes by Ad-ht-tK/ntr-enh in combination with gcV and CB1954 resulted in specific and significant cytotoxic effects in breast cancer cells in vitro. the anti-tumor activity of this system was more efficient than that from a single suicide gene, and only slightly lower than by HsV-tK and ntr driven from separate htert promoters in vitro and in vivo while the total amount of adenovirus of Ad-ht-tK/ntr-enh was half that of Ad-ht-tK-enh+Ad-ht-ntr-enh. these results suggest that suicide genes HsV-tK and ntr mediated by a single adenovirus vector under the control of an enhanced htert promoter results in additive anti-tumor effects and may provide a relatively safe strategy for the treatment of breast cancer by tumor-specific targeting.
Introduction
Breast cancer is the most common type of cancer and the second leading cause of cancer death in American women (1) . It comprises 10.4% of all cancers among women, making it the second most common type of non-skin cancer (after lung cancer) and the fifth most common cause of cancer death worldwide (2) . since there is currently no effective treatment for late stage and metastatic breast cancers, and cytotoxic chemotherapy offers only palliation usually accompanied with systemic toxicities and poor quality of life, novel treatment modalities are needed for patients with advanced disease (3) . suicide gene therapy, alternatively known as gene directed enzyme prodrug therapy (gDept), targeting the cytotoxic effect to the tumor site is a promising approach for treatment of such advanced cancers. Killing of a zone of cells around gene-modified cells due to transfer of toxic metabolites, known as the bystander effect, also contributes to tumor regression (4) . A vast range of enzyme prodrug combinations have been designed for use in enzyme prodrug therapy, but few have made it through to human clinical trials. HsV-tK/ gcV is the only system to have reached phase III human trials (5, 6) . ntr/cB1954 system also has reached clinical trials and has shown a strong bystander effect. However, previous studies suggested that expression of one suicide gene, even when the concentration of the prodrug was maximal, could not completely prevent tumor growth, while better anti-tumor effects could be observed in tumor cells transfected with two suicide genes, even when the concentration of each drug was very low (7) . the adenoviral vector has been used as a transfer vehicle to introduce genes into cancer cells as it is more efficient than non-viral gene transfer methods (e.g. cationic polymer-DnA complexes) (8, 9) . More recently, another advantage to the use of adenoviral vectors has also become apparent, with the confirmation that integrating viral vectors (i.e., retrovirus, lentivirus, possibly adeno-associated viruses) can cause insertional mutagenesis and cancer in animal models and in human clinical trial subjects (10) (11) (12) (13) (14) . previous studies showed that the adenoviral vector mediated herpes simplex virus thymidine kinase (HsV-tK) suicide gene combined with ganciclovir (gcV) treatment of oral squamous carcinoma, malignant glioma and colorectal cancer had yielded some promising results (15) (16) (17) . nevertheless, there are still limitations to current suicide gene therapy strategies, including inefficient transfer and non-specific expression of therapeutic genes in normal cells, causing toxicity to non-cancerous tissues.
recently, we and other groups have shown that adenoviruses carrying the human telomerase reverse transcriptase (htert) promoter could target expression of therapeutic genes in human nasopharyngeal carcinoma cells and breast cancer cells (18, 19) . song et al reported that an adenovirus vector can maintain cancer cell specificity through the hTERT promoter and that the activated expression of HsV-tK can be increased by an sV40 enhancer (20) . In this study, we developed a therapeutic strategy by combining HsV-tK/gcV and ntr/ cB1954 treatment strategies by expressing the suicide genes under the control of the htert promoter and the sV40 enhancer within a single replication-defective adenovirus 5 (rAd5) vector to specifically enhance the cytotoxic effects of the suicide genes. We showed that such a strategy improved anti-tumor effects against breast cancer and may potentially be developed as a safe and effective treatment for breast cancer.
Materials and methods
Cell lines and cell culture. the ccD-11lu (human normal lung fibroblast) and HeK293 (human kidney cells transformed with Ad5 DnA) were purchased from the American type culture collection (Manassas, VA). Zr-75-30 (human breast carcinoma), McF-7 (human breast carcinoma), Fadu (human nasopharyngeal carcinoma), KB (human epidermal carcinoma of the mouth), and Hela (human uterine cervical carcinoma) cells were obtained from the cell bank of chinese Academy of science (shanghai, china). All cell lines were cultured in the media specified below along with 10% fetal bovine serum (FBs) (Invitrogen, carlsbad, cA), penicillin (50 U/ml), and streptomycin (50 µg/ml) in the presence of 5% co 2 . the ccD-11lu line was cultured in minimum essential media (MeM). the Zr-75-30, McF-7, Hela and KB cells were cultured in rpMI-1640 medium. the Fadu line was cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 1X MeM with non-essential amino acids and sodium pyruvate. the HeK293 cells were cultured in DMeM.
Telomeric repeat amplification protocol (TRAP) assay. telomerase was extracted from cells by trAp-silver staining telomerase detection kit (Keygen, nanjng, china) according to the manufacturer's instructions. In brief, 1x10 6 cells were resuspended in 200 µl of ice-cold lysis buffer and incubated for 30 min on ice. After centrifugation of lysate at 12,000 x g for 30 min at 4˚C, the resulting supernatant was stored at -80˚C. The protein concentration of each extract was determined by BcA protein assay kit (thermo scientific pierce, Il). two microliters of diluted ex tract (200 ng/µl) was added to 48 µl of reaction mixture containing 10X trAp buffer (5 µl), 50X deoxynucleotide triphosphates (dntps) mix (1 µl), ts primer (1 µl), cX primer (1 µl), 5 U/µl taq polymerase (0.4 µl), and diethylpyrocarbonate (Depc) H 2 o (39.6 µl). The tubes were incubated in thermocycler at 30˚C for 30 min for the elongation of ts primer by telomerase and followed by 33 cycles of PCR amplification (94˚C for 30 sec, 50˚C for 30 sec and 72˚C for 60 sec). The PCR products were examined on non-denaturing polyacrylamide gel (8% w/v) in tris-borate-eDtA (tBe) buffer and stained with the silver staining method.
Reverse transcription (RT)-PCR. total rnA was isolated using the rneasy mini kit (Qiagen, Hilden, germany) and treated with DnaseI to avoid genomic DnA contamination. cDnA was synthesized from 2 µg of rnA using the superscriptII reverse-transcr iptase (Invitrogen) with oligo(dt)15 primers. The hTR was amplified with hTR specific primers (5'-tttgtctAAccctAActgAgAAgg-3' as forward and 5'-tgtgAgccgAgtcctgggtgcAcg-3' as reverse primer). hTERT mRNA was amplified with hTERT specific primers (5'-cggAAgAgtgtctggAgcAA-3' as forward and 5'-ggAtgAAgcggAgtctggA-3' as reverse primer). GAPDH was amplified as a positive control (5'-GCTGCTTT tAActctggtAA-3' and 5'-AgAccAcctggtgctcAg-3' as reverse primer).
Flow cytometry (FCM).
For detection of htert expression, cells were harvested by two centrifugations at 3,000 x g for 10 min at 4˚C. The cell pellets were resuspended in appropriate amount of pre-cooled pBs to make a suspension with cell density of 1x10 6 cells/ml. the cells were lysed with 1% triton X-100 and incubated with primary antibody, antihtert polyclonal antibody (santa cruz Biotechnology, santa cruz, cA) for 30 min at room temperature. the reaction mixture was then washed with pBs buffer three times for 15 min each and incubated at room temperature for 30 min with FItc-labeled anti-rabbit antibody (Dingguo, Beijing, china) in a darkroom. the cells were washed 3 times with pBs for 15 min each. FcM was performed to detect the expression of htert.
Construction of recombinant adenoviral vectors. the recombinant adenovirus plasmids Ad-cMV-tK-enh and Ad-ht-tK-enh were constructed as previously described (18, 20) . the Escherichia coli nitroreductase (coli.ntr; genBank no. U07860; from 176 bp to 829 bp) gene was amplified by PCR using LA Taq DNA polymerase (Takara, Aichi, Japan) from the top10 genomic DnA. the pcr product was cloned into the pgl3-sV40 enhancer vector at HindIII and XbaI sites to obtain pgl3-ht-ntr-enh. the human Ires sequence (genBank no. nW001842395.2; from 450232 bp to 450884 bp) was amplified from the pIRES2-egFp (BD Biosciences, clontech, palo Alto, cA). the pcr products of the Ires and ntr gene were inserted by overlapping pcr into pgl3-ht-tK/ntr-enh. the expression cassettes of hT-NTR-enh and hT-TK/NTR-enh were amplified by pcr to introduce I-CeuI and pI-SceI sites and cloned into the replication-incompetent Ad5 DnA (Adeno-X Viral DnA, clontech) to obtain Ad-ht-ntr-enh and Ad-ht-tK/ ntr-enh. the constructed adenoviral vectors were digested with PacI and transfected into HeK293 cells. the rAd5 were propagated in HEK293 cells and purified by CsCl gradient centrifugation (21) . the pFU titers were determined by the tcID 50 method. the negative control vector, Ad-Blank, is the adenovirus type 5 genome vector lacking the e1 and e3 regions (newgene, Inc., shanghai, china).
Luciferase activity assay. HeK293 were plated at 5x10 5 cells per well in six-well plates and cultured overnight. cells were transfected the following day with Fugene™6 transfection reagent (roche, penzberg, germany) following the manufacturer's instructions. the pgl3-cMV-luc-enh (0.8 µg) and pgl3-htert-luc-enh (0.8 µg) were transfected into HeK293 cells. After 48 h, luciferase activity was measured with a luciferase assay kit (promega, Madison, WI). to determine the transfection efficiencies, the pDC316-EGFP vector was transfected into HeK293 cells under the same conditions, and the expression of green fluorescent protein (GFP) was observed using an inverted fluorescence microscope (data not shown).
Western blot analysis of protein expression. cells were seeded at 5x10 5 cells per well in six-well plates. twenty-four hours later, the cells were infected with recombinant adenoviruses at MoI of 50 and then harvested at 48 h post-infection. the cells lysates were suspended in a low salt extraction buffer, centrifuged (3,000 rpm for 5 min), and the supernatants were collected as samples. samples were mixed with an equal volume of 2X sDs buffer (125 mM tris-Hcl, pH 6.8; 4% sDs; 20% glycerol; 0.01% bromophenol blue; and 10% β-mercaptoethanol) and boiled for 30 min. the samples were loaded onto a 12% polyacrylamide gel for sDs-polyacrylamide gel electrophoresis and then transferred to a nitrocellulose membrane. the primary antibodies used were rabbit antisera produced by our laboratory raised against full-length HsV-tK/ntr protein or a fragment of Knob (387-582 aa). the secondary antibody was Ap-labeled anti-rabbit antibody (Jackson Immunoresearch laboratories, Inc, West grove, pA).
MTT assay analysis of cytotoxic effects in vitro.
Individual cell lines were plated into 96-well plates at 3x10 3 cells/well. twenty-four hours later, recombinant adenoviruses were applied at MOI of 10. The cells were incubated at 37˚C for 3 h followed by a change of media containing various concentrations of gcV. the cell cultures were replenished every day with fresh media containing gcV for the next two days. Various concentrations of cB1954 were added at the third media change containing gcV. After three changes of media with gcV, 20 µl Mtt (5 mg/ml) was added to each well, and the cells were incubated for another 4 h. the Mtt containing media was then discarded, and 150 µl DMso (control) was added to each well and vortexed for 10 min to dissolve the crystals. Absorbance (A) values were measured at 492 nm with a microplate reader. cell proliferation rates were calculated according to the following formula: proliferation = [(average A value of experimental group -average A value of control group) / (average A value of positive group -average A value of control group)] x100%.
Evaluating anti-tumor effects in vivo by tumor growth assay. six-week-old female athymic mice (BAlB/c nu) were subcutaneously injected with 5x10 5 Zr-75-30 cells on day 1. Adenovirus vectors (1x10 8 pFU, Ad-ht-tK-enh+Ad-ht-ntr-enh each at 1x10 8 pFU) in 50 µl pBs was injected into the tumor foci on day 2, gcV (3.75 mg/kg) was injected intraperitoneally from days 4 to 8, and cB1954 (80 mg/ kg) or sodium chloride was injected intraperitoneally on days 4 and 11. All mouse experiments were approved by the University committee on the Use and care of Animals of Jilin University. tumor sizes were measured every 4 days from days 14 to 30, and the volumes were calculated using the following equation: [(the longest diameter) x (the shortest diameter) 2 x π/6]. 
Evaluating specific activity of hTERT in vivo by RT-PCR.
BAlB/c nu mice were subcutaneously injected with 5x10 . the mice were sacrificed on day 3 after the injection. Tumor and adjacent normal tissues were polished, and the total rnA was isolated using the rneasy mini kit (Qiagen) and treated with DnaseI to avoid genomic DnA contamination. the total rnA was then used for rt-pcr analysis of the presence of HsV-tK, ntr and e2b with specific primers. the pcr products were visualized after 1.0% agarose gel electrophoresis and ethidium bromide staining. Statistical analysis. AnoVA (i.e. one-way AnoVA followed by Fisher's lsD) was employed using spss 13.0 software. P<0.05 was considered to represent a significant difference. All data points are presented as means ± se (standard error).
Results

Expression and activity of telomerase in cancer cell lines.
to determine the levels of telomerase in experimental cells, telomerase activity was assayed by the trAp assay. As expected, breast carcinoma cell lines and other cancer cells showed strong telomerase activity, but normal cells did not (CCD-11Lu; Fig. 1A) . To confirm the results of the TRAP assay, we analyzed hTERT expression by RT-PCR and flow cytometry. the results were consistent with the results of the trAp assay: htr expression was detected in all cell lines, while htert was detected only in cancer cell lines but not in normal fibroblast CCD-11Lu (Fig. 1B and C) . These results revealed there was a close relation between the telomerase activity and htert expression levels in the experimental cell lines.
Activity of hTERT promoter in non-viral and adenoviral vectors in vitro.
Before constructing the htert promoterdriven bicistronic adenovirus vector, we examined whether the htert promoter could enhance transcriptional activity in our breast carcinoma cell lines compared with normal cells. We first tested the specificity and activity of the hTERT promoter compared with the cMV promoter in a plasmid DnA vector (pgl3-sV40 enhancer). As shown in Fig. 1A , the htert promoter was 60-and 80-fold more active in breast tumor Zr-75-30 and McF-7 cells, respectively, compared with normal human cells (ccD-11lu). Moreover, the activity of the htert promoter in these breast cancer cell lines was even much more active than in three other cancer cell lines (Fadu, KB and Hela). Although the cMV promoter was 7.6-and 4.8-fold more active than the htert promoter in Zr-75-30 and McF-7 cells, respectively, it was 300-fold more active than the htert promoter in ccD-11lu normal cells ( Fig. 2A and B) (p<0.01) . ) were seeded in 96-well plates 24 h prior to infection with rAds at MoI of 10, and the culture medium containing 100 µM of gcV was replaced after 3 h and after 2 days with the same concentrations of gcV. the living cells were measured using an Mtt assay 2 days after the last gcV treatment. Data were derived from averages of three independent experiments.
We then evaluated the protein expression and cytotoxic effect of the htert promoter in an adenovirus vector using two rAd5 based vectors (Ad-cMV-tK-enh and Ad-httK-enh) constructed previously in our laboratory. Western blotting showed that HsV-tK was expressed in the breast cancer cell lines tested in the study after infection with Ad-cMV-tK-enh and Ad-ht-tK-enh. By contrast, expression of HsV-tK was only detected in Ad-cMV-tK-enh in the normal fibroblast cell line CCD-11Lu (Fig. 2C) . After adding gcV, cellular proliferation was evaluated by the Mtt assay. As shown in Fig. 2D , after infection with Ad-ht-tK-enh, 78% of normal cells (ccD-11lu) were still alive even at 100 µM gcV, while only 28% of Zr-75-30 and 48% of McF-7 were alive. However, only 11-20% of experimental cells were alive in all groups of Ad-cMV-tK-enh treated with gcV. these results demonstrate that adenovirus vectors with the htert promoter could specifically express therapeutic genes in human breast cancer cells and significantly decrease the viability of Zr-75-30 and McF-7 cells in vitro. We also showed that the Ad-ht-tK-enh/gcV system was significantly less effective against tumor cells compared with the Ad-cMV-tK-enh/gcV system in vitro (p<0.05).
Construction of hTERT-driven bicistronic adenovirus and tumor-specific expression of HSV-TK and NTR proteins.
to improve upon a gene therapy vector for treatment of breast cancer, we constructed a novel recombinant adenovirus, Ad-ht-tK/ntr-enh. We also constructed Ad-ht-ntr-enh as one of the control vectors (Fig. 3A) . to assess the expression of HsV-tK and ntr under the control of the htert promoter and internal ribosomal entry site (Ires), cells were infected with Ad-ht-tK-enh, Ad-ht-ntr-enh, Ad-ht-tK-enh+Ad-ht-ntr-enh or Ad-ht-tK/ntr-enh. Western blot analysis showed that the level of HsV-tK protein expression in each cancer cell line was similar. expression of ntr in each cancer cell line infected by Ad-ht-ntr-enh was considered as 100%. compared with Ad-ht-ntr-enh, expression of ntr in cancer cells infected with Ad-ht-tK-enh+Ad-ht-ntr-enh was almost equal, but only 10-20% ntr expression in each cancer cell line infected with Ad-ht-tK/ntr-enh was observed (Fig. 3B) . these results demonstrated that while the Ires primed translation of the ntr transcript in the cancer cells, the resulting ntr protein levels were lower than that from the hTERT promoter. By contrast, there were no significant levels of HsV-tK or ntr expressed in the htert negative normal lung fibroblast cell line (CCD-11Lu). GCV and CB1954 . to assess the in vitro cytotoxic effect of our vectors, cells plated in 96-well plates were infected at MoI of 10 as described in Materials and methods. culture media containing gcV (0.1, 1, 10, or 100 µM) were replaced after 3 h. two days later, the cultures were replenished again with media containing gcV at the same concentrations. cB1954 at various concentrations (0.1, 1, 10, or 100 µM) was added in culture media at the last media change. the living cells were measured 2 days after the last media change using the Mtt assay.
Analysis of cytotoxic effects in vitro by Ad-hT-TK/NTR-enh in combination with
As shown in Fig. 4 , the two types of double suicide gene systems (Ad-ht-tK/ntr-enh/gcV+cB1954 and Ad-ht-tKenh+Ad-ht-ntr-enh/gcV+cB1954) and Ad-cMV-tK-enh/ GCV groups resulted in greater cytotoxic effects and significantly better inhibition of tumor growth when compared to Ad-blank/gcV+cB1954 at 10 and 100 µM in breast cancer cells (p<0.01). When the concentration of prodrugs was at 100 µM, cell survival rates of Ad-ht-tK/ntr-enh/ gcV+cB1954 group were 16% in Zr-75-30 cells and 20% in McF-7 cells. Meanwhile in the Ad-ht-tK-enh/gcV group and Ad-ht-ntr-enh/cB1954 group the survival rates were significantly increased in ZR-75-30 cells (28 and 43%) and McF-7 cells (46 and 64%) (p<0.05). When Ad-ht-tK/ ntr-enh combining separately with either gcV or cB1954, cell survival rates were 26% or 64% in Zr-75-30 cells and 54% or 82% in McF-7 cells, respectively, with gcV or cB1954 at 100 µM. Furthermore, in ccD-11lu normal cells only the Ad-CMV-TK-enh/GCV group showed a significant cytotoxic effect. these results indicated that Ad-ht-tK/ntr-enh could confer sensitivity to gcV and cB1954 in breast cancer cells but did not affect the normal lung fibroblast cell line. Also, the Ad-ht-tK/ntr-enh/gcV+cB1954 system resulted in additive anti-tumor effects in vitro.
Ad-hT-TK/NTR-enh combined with GCV+CB1954 treatment significantly inhibited the growth of breast tumor cells in vivo.
to confirm the results of the Mtt assay from the in vitro studies and further establish the Ad-ht-tK/ntr-enh/ gcV+cB1954 treatment as an effective adenoviral therapy against breast cancer, we implanted 5x10 5 Zr-75-30 cells in the right hind limbs of BalB/c nu mice. Vectors and prodrugs were injected as described in Materials and methods and as shown in Fig. 5c . the groups of vectors in combination with prodrugs are shown in table I. the sizes of the tumors were measured every 4 days. the results showed that from day 22 to 30, the Ad-ht-tK/ntr-enh/gcV+cB1954 group had significantly inhibited growth of tumor cells compared with the pBs group and Ad-blank group (p<0.01), the results of which were superior to the Ad-ht-tK-enh/gcV and Ad-ht-ntr-enh/cB1954 treatments (p<0.05) (Fig. 5A) . In  Fig. 5B , the results indicated that the anti-tumor activity of the Ad-ht-tK/ntr-enh/gcV+cB1954 group was close to that of the Ad-cMV-tK-enh/gcV group and slightly lower although not statistically significant different (P>0.05) than the Ad-ht-tK-enh+Ad-ht-ntr-enh-/gcV+cB1954 group. to further study the effect of co-expressing double suicide genes with each prodrug in vivo, we combined Ad-ht-tK/ntr-enh with either gcV or cB1954 and found that compared with ) were seeded in 96-well plates 24 h prior to infection with rAd5 (Ad-ht-tK-enh, Ad-ht-ntr-enh, Ad-ht-tK-enh+Ad-ht-ntr-enh or Ad-ht-tK\ntr-enh) at MoI of 10 (Ad-ht-tK-enh +Ad-ht-ntr-enh each at MoI of 10). concentrations of gcV and cB1954 were from 0.1 to 100 µM. the living cells were measured 2 days after the last prodrug change using the Mtt assay. each experiment was performed in triplicate.
the Ad-ht-tK/ntr-enh/gcV+cB1954 group, the anti-tumor effects of the two treatments were significantly reduced (p<0.05). these results were consistent with the results of the Mtt assay.
Tumor-specific gene expression of the hTERT promoterdriven Ad5 based vector. to examine whether the enhanced hTERT promoter-driven rAd5 based vector could specifically express genes in tumor tissues in vivo at the dose chosen for the study (2x10 8 pFU), we evaluated the expression of the HsV-tK and ntr genes in tumor and adjacent normal tissues by reverse transcription polymerase chain reaction (rt-pcr). As shown in Fig. 6 , HsV-tK and ntr mrnA were detected in tumor cells after injection with the cMV promoter or htert promoter-driven adenovirus vectors. However, in the tumor adjacent normal tissues, only HsV-tK mrnA was detected in the Ad-cMV-tK-enh injected group. these results demonstrated that our bicistronic adenovirus vector could express suicide genes in the tumor but not in adjacent normal tissues, and there was no promoter interference within this single-vector platform.
Discussion
In an attempt to address the limitations of conventional chemotherapy, current research is focused on novel approaches such as suicide gene therapy for common and advanced cancers. patients with glioblastoma multiforme have been treated with an HsV-tK-expressing replication defective retrovirus followed by gcV and radiotherapy (6), but this treatment failed to improve patient survival over standard chemotherapy (surgery and radiotherapy). However, a subsequent phase II trial that utilized a replication defective adenovirus for delivery of HsV-tK into patients with glioma produced a clinically and statistically significant increase in median survival from 38 to 62 weeks over standard therapy (5) .
nevertheless, clinically relevant tumor regressions continue to be only sporadic, and the limited biopsy data gathered during clinical trials suggest transgene expression is still a major limitation (22) (23) (24) . Another clinically investigated enzyme prodrug therapy pair is coli.ntr with cB1954. In vivo a stronger effect was reported enabling cB1954 to produce a significant growth delay in tumours containing only 5% ntr-expressing cells (25) . However, many studies noted that high doses of cB1954 administered to mice caused toxicity, mostly in the form of diarrhea due to the presence of ntr-expressing bacteria in the intestines. It has been reported that these two suicide genes, HsV-tK and ntr, may have addictive effects in anti-tumor responses. Bridgewater et al used a recombinant retrovirus to deliver the ntr gene or HsV-tK gene to murine and human cells in vitro, respectively, and demonstrated the addictive effects of cB1954 and gcV in ntr and tK-co-expressing cells (26) .
A suicide gene strategy can be achieved by combining the targeted and efficient delivery of a gene vector with a tissue, tumor, or condition specific inducible promoter to restrict transgene expression to the tumor mass (27) . therefore, gene promoters, specifically those expressed in tumors may be utilized to effectively activate suicide gene vectors when the therapeutic gene expression is confined to the specific tumor tissue, minimizing secondary effects and maximizing therapeutic effects. numerous studies have demonstrated that telomerase is activated in >90% of malignant tumors, but it is stringently repressed in normal somatic cells. telomerase activity is positively correlated with the tumor grade, and a strong correlation was found between htert expression and telomerase activity in a variety of tumors (28, 29) . therefore, the hTERT promoter has been used to induce tumor-specific trans-gene expression in cancer gene therapy using a single suicide gene to treat lung cancer, ovarian cancer, hepatocellular carcinoma, colon carcinoma, and nasopharyngeal carcinoma (30) (31) (32) (33) .
In the present study, we assessed the telomerase activity of two human breast cancer cell lines (Zr-75-30, McF-7) by the trAp assay and analyzed htert expression by rt-pcr and flow cytometry (FCM). The results demonstrated that breast cancer cell lines and other cancer cells showed strong telomerase activity and htert expression, but normal cells (ccD-11lu) did not. htert expression was more apparent and resulted in more potent activity in Zr-75-30 cells than in other experimental cells, including two human head and neck cancer cells (Fig. 1) . compared with the cMV promoter, the hTERT promoter induced specific trans-gene expression and anti-tumor effects in breast cancer cells but not in normal cells in vitro and in vivo. However, an important point to be noted is that the hTERT promoter displayed specific activity in telomerase-positive cancer cells, but its promoter activity, being lower than that of the cMV promoter, induced insufficient anti-tumor activity (Fig. 2) although the SV40 enhancer was added to increase the activity of the htert promoter originally (20) .
We also found that the sV40 enhancer could indeed increase the activity of the cMV promoter (data not shown). thus, we used Ad-cMV-tK-enh with gcV as a reference treatment in anti-tumor assays in vitro and in vivo. In order to obtain a vector with tumor-specific targeting and relatively greater anti-tumor activity than Ad-cMV-tK-enh for treatment of breast cancer, we chose to express HsV-tK and ntr under the control of the htert promoter and sV40 enhancer. Furthermore, in order to reduce the vector dose and facilitate good manufacturing practice (gMp) grade production, we used the Ires to link the tK and ntr genes to achieve co-expression of exogenous genes. Although the ntr/cB1954 has a strong bystander effect, and high doses of cB1954 administered to mice can cause toxicity, the protein expression level depends on the type of cell that is transduced as well as the presence of other genetic elements within the vector (34) such as the Ires and ntr inserted after the HsV-tK gene in the htert promoter-driven bicistronic adenovirus vector, Ad-ht-tK/ntr-enh.
When we compared the expression of ntr in cancer cells with Ad-ht-ntr-enh and Ad-ht-tK-enh+Ad-ht-ntr-enh, we found that only 10-20% ntr was observed. Despite the low expression of ntr, however, our data suggest that the anti-tumor activity of Ad-ht-tK/ntr-enh combined with gcV+cB1954 was superior to Ad-ht-tK-enh with gcV or Ad-ht-tK-enh with cB1954, as shown by the Mtt assays and tumor growth curves after we implanted nude mice with Zr-75-30 cells. these additive effects support the proposed difference in mode of action of the two activated prodrugs. the cells must be in s-phase for gcV-triphosphate to be incorporated into DnA to cause cytotoxicity, whereas activated cB1954, which acts as a crosslinking agent does not require cell division to affect viability. co-operation between the actions of cB1954 and gcV could also be exploited to achieve an improved bystander killing effect. Although a strong bystander effect of ntr/cB1954 system was expected, we tested the Ad-ht-tK-enh+Ad-ht-ntr-enh experimental group in order to determine how the anti-tumor activity from the combination of tK/gcV and ntr/cB1954 would change given that the expression of tK or ntr was not affected by other factors. We found that when combining with gcV and cB1954 there was no obvious difference in anti-tumor activity between Ad-ht-tK-enh+Ad-ht-ntr-enh and Ad-ht-tK/ ntr-enh in vitro and in vivo, although the total amount of adenovirus of Ad-ht-tK/ntr-enh was half that of Ad-httK-enh+Ad-ht-ntr-enh. these results were likely caused by the strong bystander effect of ntr/cB1954. Moreover, while Ad-CMV-TK-enh induced significantly higher expression levels of HsV-tK mrnA expression both in tumor and adjacent normal tissues, the HsV-tK and ntr genes under the transcriptional control of the htert promoter could only be detected in tumor tissues. Additionally, we examined whether our bicistronic adenovirus and prodrug treatments were harmful to the main organs of the experimental mice, and the results of histopathological analysis of kidneys and livers showed no obvious difference between our novel system and the mock treatments (data not shown).
In summary, we demonstrated that the suicide genes HsV-tK and ntr mediated by a single adenovirus vector platform under the control of the htert promoter resulted in additive anti-tumor activities in breast cancer cells in vitro and in vivo. the htert promoter combined with an sV40 enhancer can be used to induce tumor-specific trans-gene expression in cancer gene therapy to reduce toxicity while enhancing the anti-tumor activity. In further studies, we are attempting to graft this bicistronic expression cassette to a tissue-specific oncolytic adenovirus. Then we may be able to provide a more desirable vector to treat cancer, particularly metastatic breast cancer, although further in vivo investigations with these systems will still need to be performed in the future.
